luminosity produced by radioactive Fe/Co/Ni clumps propagates into the hydrogen/ helium envelope and is deposited there, if at all. The resulting fast electrons excite He I and H I, the twophoton continua of which are the dominant internal sources of ultraviolet radiation. The UV radiation is blocked by scattering in thousands of resonance lines of metals and converted by fluorescence into optical and infrared emission lines that escape freely. We describe results of Monte Carlo calculations that simulate non-LTE scattering and fluorescence in more than five million allowed lines of Ca, Sc, Ti, V, Cr, Mn, Fe, Co, and Ni. For a model approximating conditions in the envelope of SN 1987A, the calculated emergent spectrum resembles the observed one. For the first 2 yr after explosion, the ultraviolet radiation (2 < 3000 A) is largely blocked and converted into a quasi continuum of many thousands of weak optical and infrared emission lines and some prominent emission features, such as the Ca n 228600 triplet. Later, as the envelope cools and expands, it becomes more transparent, and an increasing fraction of the luminosity emerges in the UV band.
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individual (SN 1987A) INTRODUCTION A major challenge in interpreting the spectra of many astrophysical systems is to understand the blocking of ultraviolet (UV) radiation by the resonance lines of metals. For example, UV line blocking is known to play a major role in spectrum formation in the atmospheres and winds of hot stars (Abbott & Lucy 1985; Kudritzki 1989) , active galactic nuclei (Netzer & Wills 1983) , classical novae (Hauschildt et al. 1992) , and supernovae (Karp et al. 1977; Lucy 1987; Wagoner, Perez, & Vasu 1991; Hauschildt & Ensman 1994) . The success of the International Ultraviolet Explorer and the Hubble Space Telescope in routinely observing the UV spectra of such systems has increased the stakes in understanding this UV line blocking. We are especially motivated to address this problem for supernova envelopes for three reasons. First, SN 1987A is the first supernova for which excellent UV, optical, and infrared spectra are available well into the nebular phase, defined as the time when the photosphere has apparently vanished and the envelope has become transparent in the optical continuum. SN 1987A entered its nebular phase at t _ 4 months. Thereafter, the optical spectrum was dominated by emission lines and the fraction of the radiation that escaped as UV radiation increased (McCray 1993) . Indeed, SN 1987A has provided the first detailed view of the evolution of the UV spectrum of a supernova, from outburst to the present time (Pun et al. 1995) .
Second, we have been engaged in a systematic effort to model the evolution of the spectrum of SN 1987A. In doing so, we have realized that a UV continuum field within the envelope is required to account for the observed light curves of some of the most prominent optical and infrared emission lines such as the hydrogen recombination lines (Xu et al. 1992) , the Ca iI infrared triplet , and the Fe II 27157 lines (Li, McCray, & Sunyaev 1993) . From such lines we can infer the intensity of this UV radiation field, even during the first 2 yr after explosion, when line blocking prevents most UV radiation from emerging.
Third, the outstanding unsolved problem in understanding the nebular spectrum of SN 1987A is to account for the origin of the optical continuum that underlies the emission-line spectrum. At the temperatures inferred from the optical and infrared emission lines, the envelope is too cool and neutral to emit this continuum by any known thermal processes, such as bremsstrahlung or recombination (Wooden et al. 1993 ). Here we show that this continuum is actually many thousands of overlapping fluorescence lines resulting from the resonant absorption of UV continuum radiation in the envelope. Thus, understanding this fluorescence is the last major link in the logical chain that explains how the luminosity of gamma rays is converted, first to the energy of fast electrons, then to atomic excitation and heating, then (partly) to the UV continuum, and finally to the UV, optical, and infrared spectrum that is observed. In § 2 we describe the basic physics controlling the resonant scattering and fluorescence of UV photons propagating through an expanding medium and discuss previous work on this problem. In § 3 we describe our Monte Carlo technique for solving this problem. (In Appendix A we test this technique with an idealized problem that can be solved analytically.) In § 4 we describe a more realistic model for a supernova envelope including a source of UV continuum embedded in a hydrogen envelope with cosmic (Large Magellanic Cloud) abundances.
As we show in § 5, the UV and optical light curves and spectra that emerge from such a model resemble those observed from SN 1987A.
We emphasize, however, that the present paper is only a step on the way to a complete theory for the emergent opticai/UV spectrum of SN 1987A (and other supernovae). Before attempting to model the observations in detail, we must include a number of physical effects not considered here. In § 6 we summarize the progress to date and outline the work to be done.
LINE TRANSFER INASUPERNOVA ENVELOPE
Theproblem oflinetransfer inafreely expanding supernova envelope canbedescribed quite accurately with the Sobolev approximation (Sobolev 1957 (Sobolev , 1960 Castor 1970; Mihalas 1978 ). Here we briefly summarize the method. For further details, see Xu et al. (1992) , Li & McCray (1992 , 1993 , 1995 , and . In a medium that is expanding supersonically (with velocity v,xp), any photon is resonant to a particular atomic transition only in a layer of thickness where Vth _ (kTtm) 1t2. For example, for Fe II lines at 7000 K, vth~1 km s-_. Within this resonant layer the photon may be scattered by the resonant line many times before it escapes from the layer. To account for resonant trapping in the Sobolev approximation, one should replace the normal spontaneous transition rate A,_ (Einstein A) by the effective transition rate
U| _--where the subscripts u and 1 represent the upper and lower level, respectively. The Sobolev escape probability is given by
and the Sobolev optical depth of the line by
where f_. is the absorption oscillator strength, _.o is the line wavelength, the g's and N's are the statistical weights and population densities of the relevant levels, respectively, t is the time since explosion, and the term in parentheses accounts for induced emission.
As the photon leaves the resonant region, its wavelength is redshifted relative to the comoving gas according to Hubble's law di2/). 0 = H o 6r/c, where the" Hubble constant" is given by
Accordingly, the photon may come into resonance with another atomic transition at a longer wavelength. Therefore, for a photon of given wavelength created at any location in the envelope, the resonance transitions to the red of that photon wavelength define a sequence of concentric spherical "resonance shells." Figure 1 illustrates the radiative transfer. If the photon is scattered at a given resonance shell, a new photon is emitted with random direction at that point. Once again, the resonance transitions to the red of the new photon define a new set of resonance shells, and the process repeats until the photon escapes the emitting region.
In fact, it is likely that the atom excited by resonance absorption will not reemit the original photon, but instead will cascade down by emitting several photons with longer wavelengths (fluorescence).
The atom may also be excited or deexcited by thermal electron collisions. The branching ratio for a particular radiative transition from upper state u to state i is given by
where Cu_(T) is the collisional excitation or de-excitation rate coefficient, and we have used the notation A_ f = 0 forj < i for convenience.
During the nebular phase, the ionization and level populations of the metals responsible for most of the resonance line opacity are far from local thermodynamic equilibrium (LTE). Line blocking due to resonance transitions of metals renders the envelope largely opaque at UV wavelengths.
As we shall see, fluorescence plays a dominant role in the escape of UV radiation from the envelope. UV photons, produced by the degradation of gamma rays, are largely converted into visible and infrared photons, to which the envelope is largely transparent.
MONTE CARLO METHOD
We model the radiative transfer and fluorescence of UV radiation through a supernova envelope with a Monte Carlo simulation. The details are described below and illustrated by the sketch in Figure 1. 
1.
Choose the wavelength of the initial parent photon according to the prescription
where (_1 and all the other q_fs in this section are random numers uniformly distributed on the interval 0 < _bj < 1. The source spectrum has lower bound ).,,_, = 912 A, because UV source photons with shorter wavelength will be photoabsorbed by H I in the envelope, which is nearly neutral (Xu et al. 1992) . We choose an upper bound at 2ma_ = 5912 h, because the envelope is nearly transparent to all radiation at longer wavelengths. To account for such photons in the source spectrum, we can simply add them to the emergent spectrum.
2. Give the initial photon a weight, w0, proportional to the emission probability of the source mechanism. For He I two-photon emission, the Wo can be calculated from the spectrum shape given by equation (14). 3. Choose the radius at which the initial parent photon is emitted. In this paper we consider two models. In the first, all photons come from a central source. In the second, the source is uniformly distributed within a sphere, and so we choose a fractional radius according to
where ¢2 is another random number.
4. Choose the angle 0 between the propagation direction of the initial photon and the radius vector to the point where it was produced, according to cos 0 =/t = 1 -2¢3.
5. Now calculate the distance from the point of origin to the surface of the envelope, given by
A photon with original wavelength 20 that propagates to the surface without scattering will be redshifted by A2 o = 20 r, Vma_/c relative to the comoving gas at the surface, where Vmax is the radial expansion velocity at the surface of the envelope.
6. Calculate the net Sobolev optical depth, r, along the ray r, to the surface, given by
i-k where the resonance lines are listed sequentially in order of increasing wavelength, the index k stands for the first line to the red of 20, and the index s stands for the first resonance line (if any) to the red of 2o + A). o. Add a photon with wavelength 2 o and weight w I = wo exp (-_) to the appropriate wavelength bin of the emergent spectrum.
7. For future reference, accumulate the weights, w_, of each emergent photon, j, in two other arrays, one binned according to the number, n, of resonant scatterings that have taken place before the photon emerges, and the other binned according to the radius, rj, of the last scattering event.
8. Ifz_ is negligible (say, z_ < 0.01), return to step (l). Otherwise, give the remaining photon fraction a weight w2 = wo
This remaining fraction must be absorbed on one of the resonance shells along r_. To decide which one, choose an optical depth z 1 from the prescription
(Note that eq. [l lJ ensures that 0 < zl < r_.) The photon will be absorbed by the first transition m for which 
where the fljs are branching ratios given by equation (6). If the selected branch leaves the atom in an excited state, repeat the procedure to select subsequent branches until the atom relaxes to a metastable state.
10. The cascade chosen in step (9) may create N new photons at radius dr. Since it is inconvenient for a Monte Carlo code to follow all such photons, choose one of these photons at random and give it a weight w3 = Nw2. This procedure will not conserve energy in individual transitions, but it will do so in the aggregate with a sufficient number of trials.
11. With this new photon and location, return to step (4) and repeat the process until no further resonant absorptions occur. Note that step (6) allows a fraction of the parent photon to escape with each resonance absorption. This procedure, which costs little extra computer time, vastly improves the statistics of the highly absorbed UV part of the emergent photon spectrum.
Typically, we find that 20,000 initial continuum photons are sufficient to provide an emergent spectrum with reliable counting statistics throughout.
4.
MODEL SUPERNOVA ENVELOPE
The envelope of SN 1987A consists of primordial gases mixed inhomogeneously with fresh nucleosynthesis products. The nucleosynthesis products, especially the Fe/Co/Ni, certainly play a role in the scattering of UV radiation and the formation of the emergent spectrum. However, in this work we shall attempt only to illustrate the transfer of UV radiation through an idealized model envelope, having uniform density and temperature and composed of hydrogen and helium with cosmic abundances of metals. Although this choice is made for simplicity, it may be a reasonable first approximation to the actual radiative transfer in the envelope of SN 1987A. As Li et ai. (1993) have shown, after about 200 days, more than 90% of the gamma-ray luminosity absorbed by the supernova envelope is deposited in the hydrogen and helium gases that comprise most of mass ofthe envelope.
A much smaller fraction of the gamma-ray luminosity emerges as emission lines of hydrogen and helium, however. Where does the rest go? The answer is that some 25%-35% of the absorbed gamma-ray luminosity heats the gas, and most of the remaining fraction ionizes and excites He I and H I atoms (Xu & McCray 1991 ; Kozma & Fransson 1992) . These atoms are largely prevented from decaying to the ground state by allowed transitions, owing to the very high optical depth of the resonance lines (Xu et al. 1992 ). Instead, they often decay by emitting two-photon continuum radiation. Indeed, Xu et al. (1992) , Li & McCray (1992) , and inferred that a strong UV field must be present in the envelope of SN 1987A to account for the light curves of some of the stronger optical and infrared emission lines. Most of these UV continuum photons do not escape the envelope, however. As we shall show, they are absorbed by resonance scattering by trace elements and converted by fluorescence to optical radiation.
In this paper, we illustrate line blocking and fluorescence of the He I two-photon continuum, the spectrum of which can be fitted by the expression (Drake, Victor, & Dalgarno 1969) AHe(YHe) = AH¢0(I --11 --2yHe[2'5) S-1 for0 _<YHe --<1 , (14) where Ym = V/VH,Zr is the fraction of the energy carried by one of the two photons, VH_E_. is the frequency difference between the He I 2s tS and He I Is _S states, and AH¢O = 145 s -_ Because H r strongly absorbs photons with wavelength less 
Elements: FelI tO 6 , We do not take this assumption for granted, however. For the case of Fe II, which accounts for much of the UV opacity, we calculated non-LTE populations by solving coupled rate equations for entry and exit into each metastable level, including not only electron impact excitation and de-excitation, but also radiative decays by emission of forbidden lines, absorption of resonance lines, and radiative cascades into these levels following resonance absorption. Among the 10,921 energy levels of Fen in the Kurucz database, the lowest 63 are metastable. There are 68 more metastable levels at higher energy, but they do not contribute significantly to UV opacity and can be neglected.
I.
By including the entry and exit rates due to allowed transitions, we make the problem nonlinear. The populations of the metastable states now depend on the absorption and fluorescence of the UV photons, which in turn depend on the populations. The stationary populations of the lowest 63 metastable states obey the equation
where Gj is the exit rate from level j due to resonance absorption, and Sj is the entry rate to level j due to radiative decays from higher levels (metastable or not). We have the constraint
J J
We adopt the following procedure to solve the populations of the metastable states: (1) make a first guess at the populations by solving equation (15) with Gj = Sj = 0 (see for details); (2) using these populations, simulate the radiative transfer and fluorescence of the UV radiation field with the Monte Carlo code; (3) use the results of step (2) One can see that the nonlinearity might introduce serious computational problems, and there is no guarantee that the procedure will converge. However, we find in practice that one iteration is enough. The spectrum that results from step (5) is not discernably different from the spectrum that results from step (2). For example, we find that for Fe u at 300 days and any temperature under consideration, electron impact collisions dominate the metastable level populations and so LTE is a very good approximation.
At 800 days and 1000 K, the first 13 levels of Fe II are still approximately in LTE, but the upper 50 levels are substantially overpopulated by UV pumping. However, even with these increased level populations, almost all resonance lines originating from these upper levels have zt, '_ 1. In other words, the opacity of the envelope is dominated by resonance transitions originating from the lowest 13 levels. much of the UV opacity. Notable exceptions are the bands 3000 _<2 _< 3700 A, and 4100 _<2 < 4400 A, where most of the opacity is due to Ti It, and the strong absorption features due to Ca It 223934, 3969 (the H, K lines) and the Ca n 228600 infrared triplet.
Note that the envelope is mostly transparent for optical and infrared wavelengths but largely opaque at UV wavelengths. Note also the strong temperature dependence of the opacity. For T = 6000 K the envelope is almost completely opaque for 2 _< 3700 A. But, at T = 2000 K transparent "windows" appear in the UV spectrum. This occurs because the resonance lines in these windows couple to metastable states at higher energies. Since the populations of these states decrease rapidly with decreasing temperature, so do the Sobolev optical depths of the resonance lines in these windows.
An isolated example of this effect is the Ca !I 228600 infrared triplet, which couples the 3d 2D metastable state to a 4p Zp state at higher energy . Note that the optical depth of this triplet is much greater at T = 6000 K (Fig.  3a) than at T = 2000 K (Fig. 3b) . One might hope to use the observed depths of such absorption lines as temperature diagnostics, but the interpretation is not so simple, owing to fluorescence. For example, in the spectrum of SN 1987A, Ca IX 228600 is seen in emission, not absorption. That occurs because its upper level is pumped by absorption of UV radiation in the H, K lines .
Of course, the UV optical depths would also decrease with time owing to the expansion of the envelope (if temperature remained constant, we would have r oc t-2); but this effect is not nearly as dramatic as the effect of decreasing temperature. Figure 4 shows the results of a typical Monte Carlo simulation. For this case we assumed a uniformly distributed He I two-photon continuum source, shown as the thin solid curve (note that it is actually curved). We also assumed that the He I The emergent spectrum for a uniformly distributed He t two-photon continuum source (UHeS) at 300 days and 6000 K 375 two-photon source had the intensity calculated by Li & McCray (1995) . The envelope has atomic density appropriate for t = 300 days and an assumed temperature T = 6000 K, close to the value inferred by Tables  1 and 2 list these features for day 300 (Fig. 4) and 800 (Fig. 5 Figure  6 shows the emergent spectrum for a model with an envelope identical to that of Figure  5 (r = 300 days, T = 6000 K), and a He I two-photon continuum with the same intensity, except that the source is now a central point source instead of a uniformly distributed source.
As one would expect, in Figure  6 the UV spectrum is more strongly absorbed and the optical fluorescence is stronger than in Figure  4 but otherwise the emergent spectra look very similar. Evidently, the UV photons that escape freely are those created near the surface. The fact that the emergent photons cluster in horizontal bands indicates that the emergent fluorescent spectrum is rather insensitive to the input spectrum--its shape is determined more by atomic branching ratios. The points below the diagonal line are examples of events in which a continuum photon is absorbed by a resonance transition from a thermally excited metastable level, after which the excited atom decays to a lower metastable level.
To gain further insight into the scattering and fluorescence, we show in Figures 8a and 8b the integrated probability distributions, P(n), that an emergent photon will escape after n or fewer scatterings. (These distributions are derived from the results of step [7] in § 3.) The solid curves represent models with uniformly distributed source photons, whereas the dashed curves represent models with central sources. In Figure 8a the envelope is assumed to have a temperature 6000 K, and the dashed and solid curves correspond to the models represented by Figures 4 and 6 , respectively. Note that approximately 20% of the initial photons escape without scattering, whereas 80% of the photons escape with 17 or fewer scatterings in the distributed source model, and with 25 or fewer scatterings in the central source model.
The effect of reducing envelope temperature to 2000 K is illustrated by Figure 8b . The curves resemble those in Figure  8a , except that the characteristic number of scatterings required before a photon escapes is reduced by a factor~5, owing to the greater number of transparent windows (compare Figs. 3a, b) .
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Figures 9a and 9b show the integral probability distributions for the emergent photons as a function of last scattering radius. With a uniformly distributed source, the shapes of the probability distributions (solid curves) represent in first approximation the r 3 dependence of the integrated volume. More interesting are the dashed curves, showing the probability distributions for central source models. They show that there is considerable propagation in radius before a typical photon finally escapes. Thus, the escape process is a combination of migration in wavelength and spatial diffusion.
In our calculations we have neglected overlap of resonance lines. In fact, however, the resonance shells have finite thickness, given by equation (1). If the resonance shells of two ore more lines ovelap, and one or more of the overlapping lines has substantial optical depth, our approximation that the resonance shells are infinitely thin will introduce an error in the resulting fluorescence spectrum. Our approximation will convert too much of the absorbed UV radiation into the fluorescence spectrum of the bluer component at the expense of the fluorescence spectrum of the redder component.
The approximation will not significantly affect the effective UV opacity, however, because the net blocking due to two overlapping lines is the same as that due to two nearby separated lines.
To see whether overlapping lines might introduce a significant error, we counted the number of resonance lines with Sobolev optical depth above a given threshold, and also the number of pairs of such lines with wavelengths separated by less than the thermal width. We find, for example, that at 300 days and 6000 K, 6067 Fe u lines have optical depth ZSobo_cv > Radius at l.ast Sealtering we have assumed a uniform density hydrogen envelope with cosmic abundance ratios of trace elements. In fact, at early times a substantial fraction of the gamma-ray luminosity will be deposited in the newly synthesized Fe/Co/Ni bubbles ), so we must consider the production and fluorescence of UV photons in these bubbles. Likewise, we expect that comparable fractions of the gamma-ray luminosity are deposited in the hydrogen-rich and helium-rich regions of the inner envelope, and so we must consider these regions separately.
2. We must include the contribution of other species, not considered here, to the UV opacity and fluorescence. For example, at late times, and in the Fe/Co/Ni bubbles, we cannot be sure that all the metals are once-ionized. Therefore, we must consider the ionization balance of metals more carefully and include the possible contributions of neutral metals. Likewise we must consider the contributions of molecules to UV opacity and fluorescence.
For example, Culhane & McCray (1995) have shown that about 1% of the hydrogen in the inner envelope will be molecular, and that the Lyman and Werner bands of the H2 molecules will certainly make a major contribution to the UV opacity and fluorescence.
3. We must include more realistic models of the UV source spectrum. In the models presented here, we only illustrated the degradation and fluorescence of the He I two-photon continuum. But gamma-ray energy deposition will also produce a H I two-photon continuum and a spectrum of UV emission lines excited by the stopping of nonthermal electrons. 4. Since we have shown that the UV opacity and fluorescence are very sensitive to temperature, we must model the evolution of temperature in the envelope more carefully.
5. In making fits of model spectra to observations, we must include other sources of continuum opacity. For example, Xu et al. (1992) showed that Balmer continuum opacity in the hydrogen envelope would be substantial for t < 200 days. Moreover, extinction of optical and UV radiation by dust grains in the envelope is known to be substantial for t > 400 days.
This list is substantial, but we are making steady progress toward completing these tasks. We think the effort is worthwhile for a number of reasons. First, our attempts to model the evolution of the spectrum of SN 1987A often point the way to new spectral diagnostics of the physical conditions in the envelope. (An example from the present study is the ability to distinguish contributions to the optical spectrum from thermal emission of forbidden lines and by fluorescence, which may provide a sensitive measure of temperature.) Second, SN 1987A is truly a Rosetta stone for supernova spectra. With a detailed understanding of the physics involved in the formation of various features in the spectrum of SN 1987A, we can more confidently draw physical inferences from such features in the spectra of other supernova, for which such comprehensive observations and physical models are lacking. Third, the models elucidate properties of resonance line transfer and fluorescence that are important not only for supernovae, but also for classical novae and stellar winds.
This work was supported by NASA through grant NAGW-2900. 38t APPENDIX A AN ANALYTICTEST Totest ourMonteCarlocode weconsider thefollowing idealized model. Assume thata uniform, isotropic stellar envelope of radius R is expanding homologously with a maximum expansion velocity (at R), Vmax= 0.01C. Assume that there is only one artificial element in the envelope. This element has several hundred equally spaced excited levels, each of which has only one resonance transition, to the ground level (no subordinate transitions and no fluorescence). The wavelengths of these lines are given by 2i=2 o+i62, i= 1,2,3 ....
(AI)
where 62 is given by 62 = 0.120 Vm_ (A2)
C
Assume that all of these lines are optically thick, so that any photon that comes into resonance with one of these lines must be scattered. Therefore, if a photon with original wavelength 20 appears at the center of the envelope, it must be scattered at least 10 times before it reaches the surface, and it should emerge with wavelength 2 > 20(! + Vma,jC). The minimum number of scatterings corresponds to the case where every scattering is in the forward direction. We assume, however, that the scattering angle is random. Since the photon's wavelength must increase by 62 after each scattering, we can write the wavelength of the emergent photons as a function of the number of scatterings, nsc,
2(riser)
= 2 0 + nsc t 3)..
The propagation of the UV photons should be described accurately by the diffusion equation
BN(r, t) _ D V2N(r, t) -Pabs N(r, t) , (A4) _t
where N(r, t) is the total number density of photons at distance r from the center, t is the diffusion time in units of mean free travel time (i.e., t = nsct), Pabs is the probability of absorption per scattering, and D = _ is the diffusion coefficient. 
and the luminosity emerging at the true surface at time t is
r=R
This luminosity is equivalent to the emergent spectrum because the wavelength of the emergent photons is determined by the number of scatterings (eq. [A3]), which is proportional to the travel time of the photons within the envelope. Therefore, we can write the emergent spectrum as 
